The relative importance of genetic factors in determining bone mass in different parts of the skeleton is poorly understood. Lumbar spine and proximal femur bone mineral density and forearm bone mineral content were measured by photon absorptiometry in 38 monozygotic and 27 dizygotic twin pairs. Bone mineral density was significantly more highly correlated in monozygotic than in dizygotic twins for the spine and proximal femur and in the forearm of premenopausal twin pairs, which is consistent with significant genetic contributions to bone mass at all these sites. The lesser genetic contribution to proximal femur and distal forearm bone mass compared with the spine suggests that environmental factors are of greater importance in the aetiology of osteopenia of the hip and wrist. This is the first demonstration of a genetic contribution to bone mass of the spine and proximal femur in adults and confirms similar findings of the forearm. Furthermore, bivariate analysis suggested that a single gene or set of genes determines bone mass at all sites.
Introduction
Osteoporosis is a major health problem of Western societies that affects up to half of the elderly female population (1) . Osteoporosis-related fractures are an increasing problem in aging men and women. In women, the sudden decline in estrogen production at the menopause is an important aetiological factor in the subsequent accelerated rate of bone mineral loss (2, 3) . However, the significant prevalence ofthe disease in aging men and its absence in some postmenopausal women indicate that other factors are also important in determining bone mass and hence the risk of osteoporotic fractures. Environmental factors such as tobacco and alcohol use, physical activity, and body weight have all been reported to influence bone mass (4) (5) (6) (7) (8) (9) (10) . A genetic contribution to bone mass has previously been reported for the bones of the upper limb (1 1-13). One study found a genetic component of spinal bone mass in individuals less than 25 years old, but not in subjects older than 25 (11) . To our knowledge, no data have been published in relation to a possible genetic contribution to bone mass in the clinically important site of the proximal femur.
The study oftwins provides a unique method to investigate the importance of genetic and environmental factors in determining bone mass. We report here the results of a twin study examining heritability of bone mass in the lumbar spine, proximal femur, and distal forearm.
Methods
The twin pairs studied were volunteers obtained through the Australian National Health and Medical Research Council Twin Registry and from appeals through the media. Only adult twins ofthe same sex were studied, and informed written consent was obtained from all participants. Twins were only excluded from analysis on the basis of disease, such as rheumatoid arthritis, or use of medications, such as corticosteroids, which may have affected bone density in one or both twins. 65 twin pairs were studied in full.
The zygosity ofthe twins was determined from their own classification. This has been shown to be accurate to within 5% and is comparable with classification by more sophisticated and extensive investigation (14) .
The study group comprised 32 female and 6 male monozygotic (MZ)' twin pairs, as well as 26 female and 1 male dizygotic (DZ) twin pairs. 13 of the MZ and 4 of the DZ female twin pairs were postmenopausal. Two other DZ twin pairs were discordant for menopausal status; one twin of each pair was premenopausal and the other postmenopausal (four years in each case).
Bone mineral density (BMD, grams per square centimeter) was measured in the lumbar spine (L2-L4) and right proximal femur using a DP3 dual photon absorptiometer (Lunar Radiation, Madison, WI). Dual photon absorptiometry utilizes the relative transmission of photons oftwo energies (44 and 100 keV), emitted from a Gadolinium 153 radiation source, to determine bone mineral content (BMC) (15). BMD was derived by dividing the BMC ofeach region by the projected bone area. In the proximal femur three sites were measured: the femoral neck at a trans-cervical position, the trochanteric region, and Ward's triangle within the femoral neck. All femoral scans were checked, without knowledge of zygosity or bone density estimate, to ensure there was no difference in positioning of region of interest between twin pairs. The radiation dose to the skin and gonads was < 200 and 100 gGy, respectively (10-20 mrad). As we have described previously the coefficient ofvariation was 1.4% over 36 determinations (weekly) with cadaveric vertebrae and 2.6% on repeated determinations in five normal volunteers (16) , consistent with published values (17) .
Forearm BMC (units per centimeter) of the distal radius and ulna was measured using a single photon densitometer (Molsgaard Instruments, Copenhagen, Denmark). Scanning was commenced at a site corresponding to 8 mm separation between the radius and the ulna; five subsequent scans were performed, each 4 mm more proximal. Forearm BMC was calculated from the mean of the six scans. At the 8-mm site the radius and ulna are comprised of -20 and 12% trabecu-lar bone, respectively, while at the most proximal site the radius and ulna are both -5% trabecular bone (18 (19) . Subjects were exercised at a known work load on a bicycle ergometer. The plateau pulse rate, steady for at least 2 min, was used in conjunction with the load to estimate the V02max according to the nomogram of Astrand and Ryhming (19) .
Statistical Methods
Analyses of twin studies assume that intrapair variance of MZ and hence genetically identical twins is due to environmental factors and measurement error, while intrapair variance in DZ twins is additionally affected by genetic factors. It is also assumed that common environmental factors are shared to a similar extent between MZ and DZ twins. Comparison of the correlation of BMD in MZ twin pairs with that in DZ twin pairs can therefore provide a means ofdetermining the genetic contribution to observed variation in BMD. Thus, at any particular location: BMD = , + G + C + E, where Mis the mean BMD for that location (and may itself be a function of measured variables such as age, sex, years postmenopause, etc.), G represents genetic determinants of bone mass, C represents common environmental factors affecting bone mass, and E represents environmental factors particular to an individual including measurement error. Furthermore, for each twin, G, C, and E are assumed to be independent, normally distributed random variables with means equal to zero and non-negative variances a82, 0 2, and Oa2, respectively. The relationship of BMD in twin pairs (BMD1 ,BMD2) as measured by covariance (Cov) can therefore be expressed as: Cov(BMD1,BMD2) = Cov(G,,G2) + Cov(C,,C2). For MZ pairs the correlation of GI and G2 = 1, while for DZ pairs the correlation of GI and G2 = 1/2 (20) . The in the twins studied was the same as we have observed in a normal population. The close correlation between the twin pairs occurs throughout the range of BMD. Table II are greater between the three proximal femur sites than between these sites and the lumbar spine and forearm. The estimates ofpe are positive between femoral neck, Ward's triangle, and trochanteric, and between lumbar and forearm, but are negative between the former three locations and the latter two.
Estimates ofheritability from bivariate analyses, which impose a greater structure on the cross-covariances, are lower than those estimated from univariate analysis but nevertheless are consistently between 0.4 and 0.6.
Discussion
These data demonstrate for the first time in adults a strong genetic component to the determination of bone mass in the spine and proximal femur. They also confirm the previously reported genetic contribution to bone mass in the appendicular skeleton of the upper limb ( 11, 13) . Analysis of all twin pairs studied, as well as separate analysis ofthe premenopausal twins, suggests a greater genetic determinant of BMD in the lumbar spine than in either the proximal femur or the distal forearm. The apparent greater contribution of genetic factors in determining forearm bone mass in premenopausal women compared with the group as a whole suggests that environmental factors are of increasing importance after the menopause and/or with advancing age at this site.
The bivariate analysis of BMD in the premenopausal women, demonstrating a significant correlation between the genetic components of BMD at different locations, is consistent with one gene or a single set of genes determining bone mass at all skeletal sites measured. There were also strong correlations between common environmental components across the different locations. However, there was a negative association between individual environmental components of the sites in the proximal femur and both the lumbar and the forearm locations. This suggests that although there are genetic and environmental components common for bone density at all locations, there are some environmental factors specific for bone density at the hip compared with the lumbar spine or forearm.
A genetic contribution to bone mass in the upper limb has been previously suggested by single photon absorptiometry (11, 13) and by metacarpal morphometry (12) . Dequeker To our knowledge, there are no previous studies that have examined the role of genetic factors in determining bone mass of the proximal femur, the site of the most clinically severe osteoporosis-related fractures. That our data suggest a smaller genetic contribution to bone mass of the proximal femur and forearm compared with the lumbar spine imply that environmental factors play a more dominant role in determining variation of bone mass at these sites. This is consistent with the observation that skeletal sites in the forearm and proximal femur are exposed to large individual variations in mechanical loading; e.g., the load on the upper and lower limbs are highly variable between occupations. However, the spine bears the weight of the upper half of the body with relatively little variation during waking hours except in occupations involving heavy labor. Even the transition from a sitting position to a walk does not result in a large change in mechanical load on the spine, but results in a major change in mechanical stress exerted on the hip. We have previously demonstrated (9) that physical fitness (VO2max), and by implication habitual physical activity (26, 27) , is important in determining BMD in the femoral neck. The high correlation of VO2max between MZ twins was similar to that between DZ twins. This suggests that both MZ and DZ twin pairs are concordant for habitual physical activity. This concordance could contribute to the relative similarity of intrapair correlation of proximal femur BMD in MZ and DZ twins.
In summary, this study has demonstrated for the first time a significant genetic contribution to bone mass in the spine and proximal femur in adults and confirms the previously reported genetic contribution to upper limb bone mass. The smaller genetic determinant of bone density in the hip and forearm compared with the lumbar spine, and by implication the importance of environmental factors, supports the findings of our previous study (9) and suggests a greater potential for lifestyle intervention in achieving a reduction in the incidence of hip and forearm fractures. The data emphasize the importance of a family history and suggest the potential for DNA studies (e.g., restriction fragment length polymorphism studies of appropriate genes) to identify individuals at risk. Identification of such individuals would allow early life style (e.g., exercise, diet) and other therapeutic interventions and possibly prevent the development of clinical disease.
